Background: This study was designed to explore a novel approach for transferring NIS protein to cells using extracellular vesicle (EV) and enhancing iodine avidity in hepatocellular carcinoma (HCC) cells. Methods: We transfected the HCC cells (Huh7) with NIS gene, designated as Huh7/NIS, and isolated the EVs from them. Presence of NIS protein in EVs and EV-mediated transport of NIS protein to recipient Huh7 cells were tested using Western blotting. We also examined radioiodine uptake in Huh7 cells treated with EV-Huh7/NIS. Results: Successful transfer of NIS protein into Huh7 cells was confirmed by WB and microscopy. EVs showed high levels of NIS protein in them. Treatment of Huh7 cells with EV-Huh7/ NIS increased the NIS protein level and enhanced 125 I uptake in recipient Huh7 cells. In addition, EV-huh7/NIS pre-treatment enhanced the cytotoxicity of 131 I therapy against Huh7 cells by inducing increased DNA damage/increased γH2A.X foci formation. Conclusion: This is the first-of-its-kind demonstration of successful transportation of the NIS protein to cells via EVs, which increased radioiodine uptake. This approach can revert radioiodine-resistant cancers into radioiodine-sensitive cancers.
Introduction
Hepatocellular carcinoma (HCC) is a primary tumor of the liver; one of the most common causes of cancer-associated mortality. 1 Very poor prognosis of HCC is primarily because it is usually diagnosed at late and advanced stages. In addition, the best curative options are either tumor resection or liver transplantation. These are not possible therapeutic approaches for most HCC patients. NIS is a fundamental plasma membrane glycoprotein with 13 trans-membrane domains that actively transfers both sodium and iodide together through the cytosol from extracellular-fluid by facilitated diffusion and the sodium/potassium ATPase pump; the action of NIS is moved by low internal sodium concentration in thyroid epithelial cells. 1, 2 Although 131 I is currently an effective therapeutic option for thyroid cancers that express NIS, 3, 4 a considerable number of metastatic thyroid carcinomas may not express adequate amounts of the protein and are classified as radioiodine-refractory thyroid cancers. 3, 5 Although HCC is well-known to express low levels of NIS, it can be treated by 131 I therapy only by artificially introducing NIS into the cancer cells. 4, 6 Furthermore, HCC is extremely resistant to chemotherapy or radiotherapy or both. 2, 3 Therefore, a novel therapeutic strategy is needed for unresectable HCC.
Substances contained inside EVs may be released into the extracellular milieu locally or at some distance to establish local as well as long-distance communication between two cells. 9 EVs are involved in transferring active proteins to recipient cells by interacting with specific molecules on the surface of target cells and can promote downstream signaling responses of the target cells. [10] [11] [12] [13] In few cases, direct attachment of EVs with target cells resulted in either fusion of the EVs with the cells or internalization of EVs into the cells. 14 In this study, we hypothesized that EV-mediated transfer of NIS protein to HCC cells might enhance the iodine uptake into these cells. Here, we have developed NIS-expressing HCC cells (Huh7 cells) and produced EVs with NIS protein from the recipient HCC cells. Then, we transferred the NIS protein, using EV technology, into parent HCC cells and studied the biological function of the transferred NIS protein in the recipient HCC cells, including iodine avidity and cytotoxicity.
Materials and methods ethics statement
HCC cells (Huh7) were purchased from commercial provider "Korean Cell Line Bank" (KCLB; Seoul, Republic of Korea).
cell culture and establishment of a cell line HCC cells (Huh7) were purchased from the Korean Cell Line Bank (KCLB; Seoul, Republic of Korea). Huh7 cells were grown in DMEM (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) comprising 10% FBS (Hyclone, Thermo Fisher Scientific) and 1% penicillin-streptomycin (Gibco, Thermo Fisher Scientific) and cultured in a 5% CO 2 atmosphere at 37°C. Human NIS (hNIS) gene was obtained from Dr JK Chung (Seoul National University) and the pEGFP-NI vector was purchased from Clontech (Mountain view, CA, USA). The downstream region of cytomegalovirus (CMV) promoter included the hNIS and EGFP genes, internal ribosomal entry site (IRES) was used to allow co-expression of each gene under the control of the CMV promoter. For transfection, the Huh7 cells were seeded and cultured in a 5% CO 2 atmosphere at 37°C for 24 hours. When cell confluency reached 60%-70%, the purified-recombinant plasmid (containing hNIS and EGFP) was transfected by using Lipofectamine plus reagent (Invitrogen, Thermo Fisher Scientific) according to the manufacturer's guidelines. The stable cell line was established as (Huh7/NIS) expressing hNIS, and EGFP using flow cytometry (FACSorter, BD Biosciences, San Jose, CA, USA).
Western blotting
Western blotting was carried out as previously described. 15 Cell or EV lysates were prepared in lysate RIPA buffer (Thermo Fisher Scientific), to which a cocktail of protease inhibitor was added (Sigma-Aldrich Co., St Louis, MO, USA). An equal amount of protein was loaded and run on a 10% SDS-PAGE gel. The proteins were moved from the gel to a PVDF membrane (Merck Millipore, Billerica, MA, USA) and probed, first, with the primary, and followed by HRP-conjugated secondary antibody. The signals were detected using a chemiluminescence detection system (GE Healthcare, Chicago, IL, USA), according to the manufacturer's protocol. Primary antibodies used: anti-mouse-NIS (Thermo Fisher Scientific; dilution: 1:2,500), anti-rabbit-CD63 (Abcam, Cambridge, UK; dilution: 1:2,000), anti-rabbit-GM130 (Abcam; dilution: 1:3,000), antimouse-GAPDH (Santa Cruz Biotechnology Inc., Dallas, TX, USA; dilution: 1:5,000) and anti-rabbit-β-actin (Cell Signaling Technology, Danvers, MA, USA; dilution: 1:5,000). HRPconjugated anti-rabbit (Cell Signaling Technology; dilution: 1:5,000) and anti-mouse (Cell Signaling Technology; dilution: 1:5,000) secondary antibodies.
Immunofluorescence
Immunofluorescence assay was performed as described previously.
7 Huh7/NIS cells were blocked with 3% BSA in PBS and probed with NIS antibody (Abcam; dilution: 1:50) overnight. Cells were washed with PBS (three times), then probed with secondary antibody conjugated with Alexa Fluor-488 (Abcam; dilution: 1:300). Cells were washed with PBS (three times) and cells were mounted using DAPI-containing mounting medium (Vector Laboratories, Burlingame, CA, USA). Images were attained with a Zeiss super-resolution confocal microscope (LSM 5 Exciter, Zeiss, Oberkochen, Germany).
Isolation of eVs
The Huh7 and Huh7/NIS cells were cultured as mentioned previously, and EV-depleted FBS (18 hours at 120,000× g at 4°C) was used for all EV procedures. EVs were enriched as described previously.
1 Briefly, 1×10 6 cells were seeded into 100 mm culture dishes. Culture supernatants were collected when cells reached 80%-90% confluency. The Huh7/NIS supernatant was first centrifuged at 300× g for 10 minutes, second at 1,500× g for 15 minutes, and third at 2,500× g for 
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son et al 20 minutes (to remove debris and dead cells). The supernatant was passed through a 0.45 µm syringe filter. Open-Top Thinwall Ultra-Clear Tube (Beckman Coulter, Brea, CA, USA) was used as ultracentrifuge. Each tubes were filled with 35 mL of culture supernatant. Samples were centrifuged at 100,000× g for 60 minutes. Then, pellets of EVs were washed with PBS and centrifuged again at 100,000× g for 60 minutes. The pellets were reconstituted in PBS, and either used immediately or stored at -80°C. All centrifugations were carried out by using the Optima™ L-100 XP ultracentrifuge (Beckman Coulter). All centrifugations were done at 4°C. Total protein contents of EVs were measure by BCA assay kit (Thermo Fisher Scientific).
Transmission electron microscopy (TeM)
EVs from Huh7/NIS cells (EV-Huh7/NIS) were resuspended in 2% paraformaldehyde (100 µL), then 5 µL EVs were moved to the Formvar-carbon-coated EM grids (Electron Microscopy Sciences, Redding, CA, USA) and dried in air for 20 minutes. PBS (50 µL) was added on a parafilm sheet and the grids were transferred onto the PBS using sterile forceps for washing. The grids were then moved to 1% glutaraldehyde (50 µL) and left in room temperature for 5 minutes. The grids were washed in distilled water for 2 minutes. EVs in grids were negatively stained with 2% uranyl acetate followed by washing with PBS seven times, drying, and observation on HT 7700 transmission electron microscope (Hitachi Ltd., Tokyo, Japan) to image the EVs.
electrophoretic light scattering (els) analysis
PBS-resuspended EV-Huh7/NIS was further diluted 200-400-fold with distilled water. Size, distribution, and Zeta potential of EVs were determined with an ELS-Z (Otsuka Electronics, Osaka, Japan). Zeta potential measurements were carried out at 25°C.
In vitro 125 I uptake assay
To study 125 I uptake, Huh7 cells (1.25×10 5 ) were seeded in 24-well plates for 24 hours and incubated with EVHuh7/NIS for 24 hours at 37°C in a CO 2 incubator. After 24 hours, the medium was aspirated and Huh7 cells were washed with 0.5% BSA containing Hank's balanced salt solution (bHBSS). The Huh7 cells were incubated with bHBSS (500 µL), 3.7 kBq carrier-free 125 I (PerkinElmer Inc., Waltham, MA, USA), and 10 µM/L sodium iodide (NaI, specific activity of 740 MBq/mM) at 37°C for 30 minutes in a CO 2 incubator. Huh7 cells were washed twice with chilled bHBSS, then lysed with 500 µL of 2% SDS. Then, radioactivity was measured using a Cobra-II gamma-counter (Canberra Packard, Mississauga, Canada). The uptake values were normalized with total protein determined by BCA protein assay kit (Thermo Fisher Scientific).
I treatment and DNa damage assay
Huh7 ( 4×10 5 ) seeded cells were incubated with 20 µg/mL of EV-Huh7/NIS for 24 hours. The cells were washed with bHBSS and incubated with or without 50 µCi/mL 131 I (KIRAMS, Seoul, Republic of Korea) supplemented with 30 µM NaI for 7 hours in a CO 2 incubator. Cells were washed and re-seeded at a density of 1,000 cells/well in 8-well chamber slides. Cells were fixed with 4% paraformaldehyde after cells were attached to slides and blocked with 3% BSA in PBS. Cells were probed with anti-gamma H2A.X (phospho S139) antibody with Daylight 488 (Abcam; dilution: 1:200) overnight. Cells were washed with PBS (three times) and mounted using DAPI-containing mounting medium (Vector Laboratories, Burlingame, CA, USA). Images were attained with a Zeiss super-resolution confocal microscope (LSM 5 Exciter, Zeiss).
statistical analysis
Data are presented as mean ± SD. The statistical significance was determined (Student's t-test) by GraphPad Prism 7 software version 7.04 (GraphPad Software, Inc., La Jolla, CA, USA). A P-value less than 0.05 was considered to indicate statistically significant differences.
Results

establishment of double-gene expression in huh7 cells
The construct was designed to transfer both hNIS and EGFP using an IRES ( Figure 1A ). The two genes were effectively expressed in Huh7 cells and called Huh7/NIS. Western blotting analysis showed overexpression of NIS protein in Huh7/NIS cells, but the protein was not detected in Huh7 cells ( Figure 1B ). NIS and EGFP expressions were further confirmed by fluorescence microscopy ( Figure 1C) . These results confirm the successful insertion and expression of hNIS gene in Huh7 cells.
Isolation and characterization of eVs
EVs were isolated from Huh7/NIS cells by ultracentrifugation as described previously. To confirm the typical morphology of EV-Huh7/NIS, the isolated EVs were analyzed using TEM. were subjected to Western blot to confirm the positive (CD63, an EV-associated membrane protein) and negative (GM130, a Golgi apparatus protein) markers, and the results demonstrated the presence of CD63 in the EVs isolated from both the cells, whereas, GM130 was absent in EVs and present in whole cell lysates ( Figure 2C ). Together, these results suggested successful isolation of EVs from the cells.
NIs protein is secreted via eVs isolated from Huh7/NIS
To transfer the NIS protein to another cell, EVs should possess the NIS protein. EV-Huh7 and EV-Huh7/NIS lysates were subjected to Western blotting. The results revealed a high amount of NIS protein in EV-Huh7/NIS but no corresponding band was detected in EV-Huh7 ( Figure 2C ). Taken together, these data provide an indication that EV-Huh7/NIS contained NIS protein. This result paved the way for the next step, which was transferring NIS protein to other cells that expressed no or negligible NIS protein.
eV-mediated transfer of NIs protein to cells
Here, we attempted to determine whether NIS-comprising EVs' internalization leads to increase in the NIS protein in recipient cells (Huh7 cells). Huh7 parent cells were incubated with EV-Huh7/NIS (5, 10, 15, and 40 µg/mL) for 24 hours. Western blotting results revealed increases in the levels of NIS protein in the recipient Huh7 cells in a dose-dependent manner ( Figure 3A and B) . Transfer of the protein from EVs to another cell was further confirmed by CD63 expression in Huh7 cells, which increased in a dose-dependent pattern similar to that of the NIS protein ( Figure 3A and B) . These data suggested that NIS protein was successfully transferred to recipient cells by EVs. Figure 3C ). These results revealed that the transferred NIS proteins were active and functional.
eV-huh7-NIs followed by 131 
I treatment leads to increased DNa damage
To evaluate whether EV-Huh7-NIS treatment enhances the therapeutic effect of 131 I, cells were pre-treated with EV-Huh7-NIS, followed by 131 I exposure, immunofluorescent assay for γH2A.X (DNA double strand breaks [DSB]) marker was performed. The results revealed that no DSB was observed in control and EV-Huh7-NIS-treated cells. A slight DSB was observed in 131 I only treatment, but combination treatment of EV-Huh7-NIS and 131 I showed highest DSB among all other treatments (Figure 4 ).
Discussion
NIS has the benefit of having both reporter gene and therapeutic functions, therefore, NIS gene transfer makes it possible to visualize, monitor, and treat tumors with suitable radionuclides. 16 Several preclinical studies have made an effort to increase the NIS levels in thyroid cancer cells with pharmacological interventions, with partial success. [17] [18] [19] Other studies have investigated intonation of endogenous, efficient NIS expression by histone deacetylase inhibitors in breast cancer. 20, 21 Another study with cabozantinib and sorafenib demonstrated blockade of the MAPK pathways leading to an increase in iodine uptake in papillary thyroid cancer cells. 22 Nevertheless, multiple tyrosine kinase inhibitors decreased patients' tolerability compared to BRAF/ MEK inhibitors. 23, 24 Therefore, a novel strategy is warranted for the modulation of expression of NIS in thyroid and nonthyroid cancers. EVs can transport various biological materials for short and long distances within a biological system. Numerous studies have shown that EVs are able to transfer biologically active proteins (such as VEGF, CLIC1, and EBAG9) from one cell to another. 7, 25, 26 We proposed to elucidate the nature of EV-mediated protein transfer from one cell to another by transferring NIS protein to cancer cells exhibiting no or low NIS expression. In the present study, we experimented with a human HCC cell line (Huh7). We successfully constructed the HCC cell line which expressed two genes, NIS and EGFP, driven by a single promoter. The EGFP gene simplifies fluorescence in vitro imaging, in addition, in vitro cell sorting was performed by FACS analysis. We confirmed the translation of the NIS and EGFP gene by Western blotting and immunofluorescence imaging, which is consistent with our previous studies. 4, 6 The presence of CD63, an EV biomarker protein, and the absence of Golgi apparatus marker protein confirmed that EV preparations were proficiently enriched from Huh7/NIS cell culture supernatant. The EV-Huh7/NIS displayed a characteristic round shape and intact with a mean diameter of 169.2±71.5 nm (range 50-450 nm). Our results confirmed that isolated EV-Huh7/NIS were cell-derived, as reported previously. 9, 15 Radioiodine treatment is generally effective for patients with thyroid cancer, nonetheless it has turned out to be ineffective where thyroid cancer cells lose NIS expression and do not respond to radioiodine. 3, 27 Low or no NIS expressing tumors such as melanoma, liver cancer, and gastric cancer can be non-responsive to radioiodine. 21 Therefore, introducing NIS protein could improve therapeutic effects of radiotherapy in such tumors. So, we used EVs to transport NIS protein to tumor cells expressing low/no NIS. Here, we took HCC as our target tumor. EVs isolated from the Huh7/NIS cells exhibited high levels of NIS protein, which is essential for transfer of the protein to recipient cells, and they have already been shown to transport active and functional proteins to recipient cells. 28 These initial results validate the further study of EVs as an NIS transfer platform for radioiodine therapies for radioiodineresistant cancers and non-NIS expressing or reduced NISexpressing cancer cells.
Despite the novel and advanced findings of this study, there are still several challenges which need to be addressed. First, regarding the production of EVs on a large scale for clinical use, recent studies have shown production of EVs on a large scale is possible by engineering extracellular vesicle-mimetic nanovesicles (ENV). 29, 30 We also recently showed more than 100-fold production of ENVs compared to EVs from the same number of cells from mesenchymal stem cells and red blood cells. 31, 32 Similarly, the ENVs can be produced from NIS-expressing cells on a large scale. In addition to our in vitro study, in vivo small animal studies are needed to evaluate efficiency of the EV-mediated transport of NIS protein. The biodistribution of EVs in tumor-bearing mice need to be studied. The non-specific transfer of EVs to other organs can be modulated by surface engineering, and tumors can be specifically targeted by adding targeting peptides or proteins to the EVs. 31, 33 Recently, EVs have been investigated more as drug delivery vehicles. 8 EVs enriched with NIS protein can also be used to transfer anti-cancer drugs, which could further improve cancer therapies.
Conclusion
We successfully isolated EVs containing NIS protein from the cells expressing NIS. Further, we successfully transferred active NIS protein using EVs, which led to enhanced 
